The electronic structure of sodium tungsten bronzes, Na x WO 3 , for full range of x is investigated by highresolution angle-resolved photoemission spectroscopy ͑HR-ARPES͒. The experimentally determined valenceband structure has been compared with the results of ab initio band-structure calculation. The HR-ARPES spectra taken in both the insulating and metallic phase of Na x WO 3 reveal the origin of metal-insulator transition ͑MIT͒ in the sodium tungsten bronze system. In the insulating Na x WO 3 , the near-E F states are localized due to the strong disorder caused by the random distribution of Na + ions in WO 3 lattice. While the presence of an impurity band ͑level͒ induced by Na doping is often invoked to explain the insulating state found at low concentrations, there is no signature of impurity band ͑level͒ found from our results. Due to disorder and Anderson localization effect, there is a long-range Coulomb interaction of conduction electrons; as a result, the system is insulating. In the metallic regime, the states near E F are populated and the Fermi level shifts upward rigidly with increasing electron doping ͑x͒. The volume of electronlike Fermi surface ͑FS͒ at the ⌫͑X͒ point gradually increases with increasing Na concentration due to W 5dt 2g band filling. A rigid shift of E F is found to give a qualitatively good description of the FS evolution.
I. INTRODUCTION
Tungsten oxide based materials have created tremendous interest among material physicists because of their potential technological implications. Bulk WO 3 modified by ion incorporation ͑A x WO 3 ͒ or substoichiometry ͑WO 3 ͒ exhibits many technologically important properties. 1, 2 It is possible to insert sodium ͑Na͒ in bulk WO 3 , thus forming the series of sodium tungsten bronzes. Na x WO 3 shows very interesting optical properties 3 and the color changes from yellowish green to gray, blue, deep violet, red, and finally to gold as x increases from zero to unity, as shown in Fig. 1͑a͒ . The electronic, optical, and transport properties of sodium tungsten bronzes have been studied extensively. The metal-insulator transition ͑MIT͒ observed as a function of x is one of the most interesting electronic properties in Na x WO 3 . A high metallic conduction is obtained for x ജ 0.25, and the system undergoes MIT with decreasing x. 4 Hence, the study of the electronic structure of Na x WO 3 is of great interest from both technological and fundamental perspectives. Na x WO 3 shows a very rich phase diagram 5 with increasing x, as shown in Fig. 1͑b͒ , which is also interesting to study from the structural evolution point of view. The crystal structure changes from monoclinic, to orthorhombic, to tetragonal, and finally to cubic with increasing x. For x ഛ 0.4, it exists in a variety of structural modifications, while for x ജ 0.5, Na x WO 3 is highly metallic with perovskite-type crystal structure with cubic crystal symmetry. For highly metallic Na x WO 3 , Brown and Banks 6 have shown that the crystal lattice parameter increases linearly with x ͓a = 3.7845 + 0.0820x ͑Å͔͒. Figure 1͑c͒ shows the crystal structure of NaWO 3 . Na ions occupy the center of the cube, while the WO 6 octahedra are located at the cube corners. The octahedral crystal field of the six oxygen neighbors of the W split the W 5d bands into triply degenerate t 2g and doubly degenerate e g bands ͑in the cubic phase, when the WO 6 octahedra are distorted, the degeneracy of these levels may be lifted further due to lowering of the symmetry͒. In WO 3 , the Fermi level ͑E F ͒ lies at the top of the O 2p bands, and WO 3 is a band insulator. Within a rigid-band model, as shown schematically in Fig. 1͑d͒ , the band structure of both WO 3 and NaWO 3 should be identical, with E F at different positions. In Na x WO 3 , the Na 3s electrons are transferred into the W 5dt 2g , Ã band and the system should behave metallic for any value of x. However, for low concentration of x ഛ 0.25, the material is insulating and the origin of the MIT is still under debate. There are three theoretical models to explain the observed MIT in Na x WO 3 . According to the Anderson localization model, 7 the random distribution of Na + ions in the WO 3 lattice gives rise to strong disorder effects, which leads to the localization of states at the conduction-band tail and the system undergoes an MIT for low Na concentration. An alternative explanation for the MIT is the development of an impurity band ͑level͒ 8 induced by Na doping, where the states become localized at low Na concentration. Another possibility of driving the MIT is the splitting of the band due to electron correlation at the chemical potential ͑or E F ͒, 9 where the localization occurs in a pseudogap between the separated bands. Among the various models proposed to explain the MIT in Na x WO 3 , there is, however, evidence in favor of each of these possibilities. Hence, no conclusion has been made as yet, and it needs to be investigated more deeply and thoroughly.
The localization and delocalization of states associated with MIT occurs in a very narrow range of energy close to E F in Na x WO 3 ; hence, photoemission spectroscopy is one of the appropriate tools to elucidate the mechanism of MIT. Most of the published angle-integrated photoemission literatures [10] [11] [12] [13] were not able to resolve the mechanism of MIT. Höchst et al. 14 have performed angle-resolved photoemission spectroscopy ͑ARPES͒ on metallic Na 0.85 WO 3 single crystal with relatively low energy and momentum resolution, and to our knowledge no further systematic ARPES results are available for a full range of x. Moreover, due to the previous low energy and angular resolution of the experimental data, it is difficult to compare the experimental results with available band calculations. [15] [16] [17] The evolution of electronic structure with x in the metallic regime is also not clear from the previous studies. Hence, high-resolution ARPES ͑HR-ARPES͒ is absolutely necessary to experimentally establish the band structure, evolution of electronic structure with Na doping, and to elucidate the mechanism of MIT in Na x WO 3 .
In this paper, we report HR-ARPES on both insulating ͑x = 0.025͒ and metallic ͑x = 0.3, 0.58, 0.65, 0.7, and 0.8͒ Na x WO 3 . The valence-band structure and the Fermi surface ͑FS͒ have been established experimentally. We have also carried out ab initio band-structure calculations based on the plane-wave pseudopotential method and compared it with experimental results.
For the insulating sample, the variation of the density of states near E F suggests an Anderson-type localization of carriers for the ground state in lightly doped Na x WO 3 . The formation of polaron in low-doped tungsten bronze is also discussed from the temperature variation of photoemission spectra. In highly metallic Na x WO 3 , the FS shows an electronlike pocket centered at the ⌫͑X͒ point in the Brillouin zone ͑BZ͒ ͓Fig. 1͑e͔͒, in good agreement with the band cal- culation. The volume of FS monotonically increases with x, indicating that Na 3s electrons go into the W 5dt 2g , Ã conduction band and the states near E F are filled with Na doping. A simple rigid-band shift can well explain the x-dependent band structure in highly metallic Na x WO 3 , where the doped electrons merely fill up the conduction band.
II. EXPERIMENTS
Single crystals of insulating Na x WO 3 ͑x = 0.025͒ were grown from high-temperature solution of Na 2 O-WO 3 by a slow cooling method. 18 The crystals were found to have orthorhombic structure with lattice parameters a = 7.311± 0.003 Å, b = 7.523± 0.003 Å, and c = 3.85± 0.001 Å. Metallic single crystals of Na x WO 3 ͑x = 0.3, 0.58, 0.65, 0.7, and 0.8͒ were grown by the fused salt electrolysis of Na 2 WO 4 and WO 3 as described by Shanks. 19 The resistivity measurements show that the crystals are metallic and the x values were obtained from the measured lattice parameters, as described by Brown and Banks. 6 HR-ARPES measurements were performed with a Gammadata-Scienta SES 200 spectrometer with a high-flux discharge lamp and a toroidal grating monochromator. The He I␣ ͑h = 21.218 eV͒ resonance line was used to excite photoelectrons. The geometrical arrangement for the ARPES measurements is shown in Fig. 1͑f͒ . The incoming photons and outgoing electrons lie in a plane normal to the crystal surface. The crystal surface is rotated 24°to cover the full first BZ ͑⌫ → X͒ at He I␣ photon energy. The energy and angular ͑momentum͒ resolutions were set at 5 -11 meV and 0.2°͑0.01 Å −1 ͒, respectively. The measurements were performed at 50-300 K for insulating and 14 K for metallic Na x WO 3 in a vacuum better than 3 ϫ 10 −11 Torr base pressure. A clean surface of the sample for photoemission measurements was obtained by in situ cleaving along the ͑001͒ surface. HR-ARPES spectra were measured for the two highsymmetry directions, namely, ⌫͑X͒-X͑M͒ and ⌫͑X͒-M͑R͒, as shown in Fig. 1͑e͒ . All the spectra were collected within 24 h after cleaving, during which we did not observe any significant changes in the spectra indicative of the contamination and/or degradation of the sample surface. The Fermi level ͑E F ͒ of the sample was referred to that of a gold film evaporated on the sample substrate.
III. BAND CALCULATIONS
We have performed ab initio band-structure calculations for WO 3 and NaWO 3 using projected augmented wave potential 20, 21 as implemented in the Vienna ab initio simulation package ͑VASP͒ code. 22 A k-point mesh of 8 ϫ 8 ϫ 8 with lattice constants of 3.78 and 3.86 Å for WO 3 and NaWO 3 , respectively, and the generalized gradient approximation ͑GGA͒ for the exchange were used for the calculation. We have simulated electron doping in our calculations by a rigidband shift of the band structure and the corresponding calculated Fermi surfaces have been compared with experiment. Since the GGA exchange based calculations have the drawback of underestimating the band gap, we use the scissor operator technique to independently align the calculated valence-and conduction-band structures with experiment.
IV. RESULTS AND DISCUSSION
A. Valence-band region
Insulating regime
We have measured valence-band HR-ARPES spectra of insulating Na x WO 3 for x = 0.025, which has x well below the critical composition, at 130 K. Figures 2͑a͒ and 2͑b͒ show HR-ARPES spectra along ⌫͑X͒-X͑M͒ and ⌫͑X͒-M͑R͒ directions in the BZ, respectively. In Na x WO 3 , E F is situated in the conduction band for all the compositions. The bottom of the conduction band in Na x WO 3 for x = 0.025 lies at 0.5 eV binding energy ͓clearly visible around the M͑R͒ point͔, whereas the top of the valence band extends up to 2.5 eV, indicating a large ͑ϳ2 eV͒ energy gap. This large gap corresponds to the hard band gap observed in insulating WO 3 . The most prominent peak observed in the valence band is at 4.0 eV ͑in both highly symmetric directions͒ along with two other broad peaks at 6.0 and 7.4 eV around the ⌫͑X͒ point, which disperse downward while moving toward the zone boundaries. In Fig. 2͑c͒ , we show the experimental valenceband structure of Na x WO 3 for x = 0.025 and it has been obtained by taking the second derivative of the HR-ARPES spectra shown in Figs. 2͑a͒ and 2͑b͒. The pseudopotential band structure for cubic WO 3 is also presented for comparison. We shift the calculated E F of WO 3 upward to overlap with the experimental bands. We find dispersive bands at X͑M͒ and M͑R͒ points which are not predicted in the band calculation. The top of the valence band at 2.5 eV and the band at 7.4 eV around ⌫͑X͒ point are also not predicted in the band calculation. Nevertheless, the band around 4.0 eV at ⌫͑X͒, which highly disperses along both ⌫͑X͒-X͑M͒ and ⌫͑X͒-M͑R͒ directions, is in good agreement with the band calculation. It is found from the band calculation that the valence band of Na x WO 3 for x = 0.025 consists of mostly the O 2p states along with a small admixture of bonding W 5de g states. Now, we discuss the discrepancy between the pseudopotential band calculation and experimentally determined band structure. Although many bands are in good agreement with the band calculation but few bands along with its dispersion are not predicted in the theoretical band calculation. There could be various reasons for the observed mismatch. The first reason is the neglect of final-state effects in our approach. Depending on the initial photon energy that is used, the final state of the electron could be into the unoccupied states which are not necessarily free-electron-like as discussed in the literature. 23, 24 For low photon energies, one could have the problem of there being no states satisfying the requisite selection rules for the final-state electron to make the transition into. This results in strong attenuation of the intensity in the experimental spectra at specific k points. More details may be found in Ref. 25 . Another source of deviation due to final-state effects arises from the electron mean free path. As this is limited by inelastic electron scattering due to the electron-electron and electron-phonon interactions, one has a k broadening into the final state. In fact, this can give rise to an intrinsic shift of the photoemission peaks. 26 The second source of deviation could arise from the fact that the approach we use treats correlations in a mean-field way, while in reality this might not be the case and many-body effects might be needed to explain the picture. Finally, there could be the effects resulting from the presence of defects which could modify the band structure from that of the perfect crystal considered in the present study. However, one can use different photon energies or use complementary probes such as very low-energy electron diffraction or inverse photoemission spectroscopy to distil out the artifacts due to final-state effects in experiment. 27, 28 To investigate the temperature dependence of the valenceband spectra, we carried out photoemission spectroscopy ͑PES͒ of Na x WO 3 for x = 0.025 around the ⌫͑X͒ point ͑within acceptance angle of detector͒ with variation of temperature, and the results are shown in Fig. 3͑a͒ . Our PES spectra see mostly the angle integrated around the ⌫͑X͒ point, and all the spectra are normalized under the curve within the energy range shown in the figure. We clearly observe the variation of the intensity of the 2.5 eV peak with temperature. The existence of 2.5 eV peak at the ⌫͑X͒ point is not predicted from the band calculation. The band calculation is for cubic WO 3 , whereas the real sample is not a perfect cubic crystal structure with distorted octahedra.
We found that the 2.5 eV binding-energy feature at the ⌫͑X͒ point and few other bands in valence-band region do not have good correspondence to the theoretical band calculation. To investigate whether these bands are arising due to surface states and/or surface resonance and/or umklapp bands, we have carried out PES with He II ͑h = 40.8 eV͒ photons, which is much more surface sensitive than He I photons. A surface state or surface resonance is localized at the surface and will not disperse in k Ќ . The two-dimensional FIG. 3 . ͑a͒ Valence-band PES spectra of Na x WO 3 for x = 0.025 at several temperatures showing the signature of polaron formation at the valence-band edge, 2.5 eV. The inset shows the temperature dependence of the intensity ratio of the 2.5 eV peak to the 4.0 eV peak. ͑b͒ Intensity variation of 2.5 eV peak with respect to wave vector k along the ⌫͑X͒-X͑M͒ direction at 130 and 230 K.
character of these states can be verified by probing their k Ќ dependence by changing photon energy. Generally, surface states are recognized as faint emissions but are not sufficient to identify unambiguously, because other structures such as umklapp bands may also appear in the data and confuse the observation of faint emissions. Umklapp transitions are related to bulk transitions via a reciprocal vector translation; they are well recognized in normal emissions. These emissions are directly related to the periodic structure of the sample and express with the reciprocal vector of the lattice. If the crystal has no surface reconstruction, then the umklapp processes have identical effects as bulk bands. Though the insulating system shows surface reconstruction ͑discussed later͒, we do not observe much difference in valence-band structure between insulating and metallic systems. From our experiment with He II photons, we did not see any reasonable density of states ͑DOS͒ at 2.5 eV, suggesting a threedimensional description of this band implying its bulk origin. These experimental results suggest that the 2.5 eV feature does not arise from a surface state.
It is believed that at low sodium doping levels, the sodium tungsten bronzes are nonmetallic with localized W 5+ and W 6+ ions and show polaronic states. 29, 30 Polaron can form in the insulating system, particularly when the conduction electrons are in a comparatively narrow d band and are contributed by donors distributed at random in the lattice. The polaron formation in the lightly doped tungsten bronzes was studied with electron-spin resonance, optical absorption, and Raman spectroscopy. 29, 31 The conduction electrons are selftrapped by inducing an asymmetric local deformation of the lattice. Even if the electron is confined to a single lattice site, this type of trapping does not imply localization. The tunneling between different lattice sites is still relevant and a selftrapped carrier resides in an itinerant polaron state. 32 This is most likely to occur when the band edge is degenerate and the valence-band edge is more often degenerate than the conduction-band edge, so that holes are more likely to be self-trapped than electrons. In the inset of Fig. 3͑a͒ , we show the intensity ratio of valence-band edge ͑2.5 eV peak͒ to 4 eV peak. We find that the intensity of 2.5 eV peak decreases with increasing temperature and reaches a minimum above 225 K. We think that the decrease in the intensity of 2.5 eV peak is due to the breakdown of polaron formation at higher temperatures ͑above 225 K͒. Above this temperature, the holes and/or electrons are no longer self-trapped. To study how this 2.5 eV peak behaves with respect to wave vector k at different temperatures, we measured the HR-ARPES spectra at 230 K ͑not shown͒ and clearly observe the decrease in intensity of the 2.5 eV peak around ⌫͑X͒ as compared to 130 K. We have plotted the intensity variation of the 2.5 eV peak with respect to k along the ⌫͑X͒-X͑M͒ direction for 130 and 230 K, and the result is shown in Fig. 3͑b͒ . We observe the decrease in intensity around the ⌫͑X͒ point as we move from 130 to 230 K, whereas the intensity increases at other k points away from the ⌫͑X͒ point ͑k =0͒. Polaron can be considered as a local deformation and/or defect in the lattice and a truly localized defect level is derived primarily from the ⌫ point ͑k =0͒ with far less weight from other k points. A more delocalized defect level is derived from k points other than ⌫. 33 To our knowledge, the temperature dependence of the polaronic features is the first observation of the dynamics of the polaron in Na x WO 3 . As the polaron becomes more delocalized, there is spectral weight transfer from ⌫ point to other k points. In Fig. 3͑a͒ , we mainly observe the intensity around the ⌫ point, and as a result, the intensity decreases with increasing temperature. The optical absorption of W 5+ in WO 3 also shows the signature of polaron formation at low temperature and vanishes at 300 K. 29 This adds additional support to our conclusion that the increase in intensity of the valence-band edge below 225 K is likely due to the formation of polaron. The polaron can split and/or broaden the edge of the valence band, but due to the temperature-induced broadening in the spectra, we did not find any significant splitting and/or broadening of the band edge with temperature. This 2.5 eV feature survives into the metallic regime. The weakly dispersive nature of the states suggests that the presence of intrinsic defects could be a possible origin. Earlier work on perovskite oxides 34 has shown that oxygen vacancy states are induced at the top of the valence band, and these states by nature of their origin are weakly dispersive. Hence, we interpret the 2.5 eV feature as arising from the polaronic state formed by oxygen vacancies, which exhibits strong temperature dependence at low concentrations. This feature survives into the metallic regime, which suggests that there must be an alternate explanation to that provided earlier.
Metallic regime
The valence-band HR-ARPES spectra of metallic Na x WO 3 for x = 0.3, 0.58, 0.65, 0.7, and 0.8 are measured at 14 K with He I␣ photons along the high-symmetry lines in the BZ. Typical HR-ARPES spectra of Na x WO 3 for x = 0.8 are shown in Figs. 4͑a͒ and 4͑b͒ along the ⌫͑X͒-X͑M͒ and ⌫͑X͒-M͑R͒ directions, respectively. We can see a large ͑ϳ2 eV͒ energy gap between the bottom of the conduction band and the top of the valence band similar to Na x WO 3 for x = 0.025 ͑see Fig. 2͒ . A clear Fermi edge is visible in these metallic compounds. There are three prominent peaks ͑marked as A, B, and C͒ visible around the ⌫͑X͒ point. In Na x WO 3 for x = 0.3, the peaks are not very sharp due to the presence of disorder. A nondispersive peak at the top of the valence band at the ⌫͑X͒ point gradually loses its intensity while moving toward zone boundaries and once again becomes prominent at zone boundaries. For x = 0.58, 0.65, 0.7, and 0.8, the most prominent peak in the valence band is seen around 4.1-4.3 eV at the ⌫͑X͒ point and disperses downward around the ⌫͑X͒ point. All the spectral features are essentially similar in all compounds. However, in the ⌫͑X͒-X͑M͒ direction, the intense peak at 4.3 eV does not disperse as compared to the ⌫͑X͒-M͑R͒ direction ͓see Figs. 4͑a͒ and 4͑b͔͒. Two peaks ͓marked as B 1 and B 2 in Fig. 4͑b͔͒ between 4 and 6 eV merge to a single intense peak around 4.3 eV at ⌫͑X͒. With increasing Na concentration in highly metallic Na x WO 3 , all the peaks become more intense and sharper. This is attributed to the decrease of disorder in the system. No additional bands are found to emerge in the relevant energy window with Na doping, which suggest that a rigid-band model is adequate.
In Fig. 4͑c͒ , we show the valence-band-edge region at the ⌫͑X͒ point of the highly metallic compositions ͑above x = 0.5͒ studied here. To confirm whether the rigid-band model is appropriate or not in the highly metallic Na x WO 3 , we have excluded the x = 0.3 metallic composition since it is very close to MIT composition. A clear shift in the valence-band edge is observed as the Na content is increased. We have shifted the spectra ͑after normalizing the area under the curve͒, superimposed them, and determined the shift to be ϳ0.24 eV as x is varied from 0.58 to 0.8. The inset shows the theoretically computed energy shift calculated from a rigid-band model. The experimental shift ͑0.24 eV͒ is quite close to the theoretically computed shift, ϳ0.3 eV. Hollinger et al. 12 have measured angle-integrated spectra of Na x WO 3 for x = 0 -0.55. From their results ͑see Fig. 3 in Ref. 12͒, it is evident that the edge of valence band moves downward as Na concentration increases from 0 to 0.55. To elucidate whether the rigid-band model is appropriate or not, one should exclude all the compositions below MIT as they associate with complicated phenomena such as localization of bands or development of impurity bands or splitting of bands near E F . They have not measured highly metallic compositions, which are expected to follow the rigid-band model. Although they have not quantitatively estimated the valenceband shift, the valence band qualitatively shows downward shift with increasing Na concentration similar to our results. Within a rigid-band model ͓see Fig. 1͑d͔͒ , the band structure of both WO 3 and NaWO 3 should be identical, with E F at different positions. As Na content increases in WO 3 , the conduction band fills up and E F gradually moves upward. Hence, we conclude that rigid-band model is quite appropriate for highly metallic Na x WO 3 , where the doped electrons from Na merely fill up the conduction band.
We have mapped out the band structure of Na x WO 3 for x = 0.3, 0.58, 0.65, 0.7, and 0.8 along the ⌫͑X͒-X͑M͒ and ⌫͑X͒-M͑R͒ directions. A typical band mapping of Na x WO 3 for x = 0.8 is shown in Fig. 4͑d͒ . The experimental band structure has been obtained similar to Na x WO 3 for x = 0.025 ͓Fig. 2͑c͔͒. We also show the pseudopotential band structure of cubic NaWO 3 as thin solid and dashed lines for comparison. We see primarily four bands in the valence-band region. The experimental band structures are essentially similar for all the compounds in both the directions. The top of the valence band at 3.5 eV binding energy around the ⌫͑X͒ point is not predicted in the band calculation. This flat feature may be dominated by the angle-integrated-type background reflecting the strong intensity of band at the M͑R͒ point. We find two flat nondispersive bands at 3.5 and 4.5 eV around the ⌫͑X͒ point along the ⌫͑X͒-X͑M͒ direction. The intensity along the ⌫͑X͒-M͑R͒ direction at 4.5 eV arises due to angleintegrated-type background from the strong intensity of bands at ⌫͑X͒ and vanishes with the decrease of disorder in Na x WO 3 . Comparison of valence-band structures of x = 0.58 and 0.8 shows that all the bands in valence-band regime move downward rigidly. Thus, with increasing x in Na x WO 3 , the Na 3s electrons just fill the W 5dt 2 g conduction band and change the E F position, consistent with the rigid-band model appropriate for the highly metallic compositions ͑above x = 0.5͒ studied here. The gross features of experimental valence band at higher binding energy ͑4-8 eV͒ can be explained by the ab initio band-structure calculations. A small discrepancy arising between the theoretically computed band structure and experimentally derived bands can be explained by the intrinsic k Ќ broadening and final-state effects as discussed before. As explained before, the valence band ͑3-9 eV͒ consists of mostly O 2p character of Na x WO 3 with a small admixture of bonding W 5de g character.
B. Near-E F region

Insulating regime
To investigate the conduction band in more detail, we measured HR-ARPES spectra in the near-E F region of Na x WO 3 for x = 0.025 at 130 K along both the highly symmetric directions, and the results are shown in Figs. 5͑a͒ and   FIG. 4 . Typical valence-band HR-ARPES spectra of Na x WO 3 for x = 0.8 measured at 14 K with He I␣ photons ͑21.218 eV͒ along ͑a͒ ⌫͑X͒-X͑M͒ and ͑b͒ ⌫͑X͒-M͑R͒ directions. ͑c͒ Comparison of HR-ARPES spectra near valence-band edge in highly metallic Na x WO 3 for x = 0.58, 0.65, 0.7, and 0.8. The inset shows the calculated Fermi energy shift with Na doping x from the rigid-band model. ͑d͒ Experimental valence-band structure of Na x WO 3 for x = 0.8 obtained from HR-ARPES experiments along the highly symmetric directions. Bright areas correspond to the experimental bands. The theoretical band calculation of NaWO 3 is also shown by thin solid and dashed lines for comparison. 5͑b͒. We observe a peak near 0.45 eV at ⌫͑X͒, which disperses upward around the ⌫͑X͒ point. Similar feature is also observed at both X͑M͒ and M͑R͒ points. This dispersive peak represents the conduction band of Na x WO 3 for x = 0.025, which never crosses E F , showing that the system is insulating. Figure 5͑c͒ shows the plot of HR-ARPES intensity at near-E F region. We find an electronlike pocket at the ⌫͑X͒ point, whose dispersion agrees satisfactorily with the band calculation. The conduction band is assigned as the W 5dt 2 g orbital from the band calculation. Similar electronlike pocket is also observed at X͑M͒ and M͑R͒ points, contrary to the band calculation. This may be due to the surface reconstruction, which we discuss later. The insulating behavior arises from the Anderson localization of all the states near E F due to the strong disorder caused by inserting Na in WO 3 lattice. This gap arises due to the long-range interaction of the electrons trapped due to the strong disorder caused by Na doping. This would be responsible for its insulating properties. The possibility of splitting of the band due to electron correlation at the chemical potential ͑E F ͒ into two bands, originally proposed by Mott, 35 is unlikely in the case of Na x WO 3 . Such correlation-driven gaps at the E F can form only if the band has integral occupancy. This is obviously not the case for any arbitrary value of x in general; specifically, the occupancy of W 5d is only a fractional 0.025 per site in Na x WO 3 for x = 0.025. Moreover, the Coulomb repulsion ͑U͒ is expected to be weak and the W 5d bandwidth ͑W͒ is large in Na x WO 3 to satisfy the Mott-Hubbard criterion of U / W ӷ 1. On the other hand, the low DOS at band bottom for the small x value favors localization of states due to disorder effects. The weak localization, 36 which arises from the multiple elastic scattering of carriers leading to the quantum interference, can also make the system insulating but is not feasible in the low-doped sodium tungsten bronzes. We explain this as follows. ͑i͒ If some collisions of the conduction electrons are inelastic, then the quantum interference cannot take place. These inelastic collisions can be either with other conduction electrons or with phonons above the Debye temperature. Hence, with variation of temperature, one should see an insulator-to-metal-like change, which does not occur in sodium tungsten bronzes. ͑ii͒ This effect is significant when the mean free path l is small and thus typically seen in noncrystalline materials. There are few papers on the development of surface superconductivity in low-doped sodium tungsten bronzes. It was believed that Na x WO 3 with a very low Na concentration is a possible system in which the structure is modulated in such a way so that superconductivity occurs at the surface only without propagating into bulk. Reich and Tsabba 37 reported surface superconductivity with T c as high as 91 K in the lightly doped sodium tungsten bronzes, Na 0.05 WO 3 . Even if we do not find surface superconductivity in Na 0.025 WO 3 , we expect that at least the surface should be metallic as this composition is close to superconducting composition of x = 0.05. However, we did not find any finite DOS at E F measured at 130 K in this system employing HR-ARPES measurements in both He I and He II photons. Hence, we conclude that there is no such supercon-FIG. 5. HR-ARPES spectra near E F of Na x WO 3 for x = 0.025 measured at 130 K along ͑a͒ ⌫͑X͒-X͑M͒ and ͑b͒ ⌫͑X͒-M͑R͒ directions. Vertical bars are a guide to eyes for band dispersion. ͑c͒ Experimental near-E F band structure along the highly symmetric directions. Theoretical band structure of WO 3 after shifting E F is also shown by thin solid and dashes lines for comparison. ductivity on the surface of the lightly doped sodium tungsten bronzes.
Metallic regime
We have carried out HR-ARPES measurements with a smaller energy interval and a higher signal-to-noise ratio to study the electronic structure near E F . Figures 6͑a͒-6͑d͒ show the near-E F HR-ARPES spectra along with the intensity as a function of the wave vector and the binding energy of Na x WO 3 for x = 0.58, 0.65, 0.7, and 0.8 measured at 14 K with He I␣ photons. From the energy distributive curves ͑EDCs͒, we observe a very weak broad feature near 0.9-1.0 eV at ⌫͑X͒, which disperse upward to form an electronlike pocket at ⌫͑X͒ for all compositions of x. There is no signature of such a feature at X͑M͒, or M͑R͒, as observed in its insulating counterpart. We have shown only the ⌫͑X͒ region in figures due to the presence of band dispersion near E F at ⌫͑X͒. As the Na concentration increases, this feature becomes very prominent, as shown in EDC of Fig. 6͑d͒ . This behavior may be due to the decrease of disorder with increasing x in the system. From the figures, we find that the bottom of conduction band lies roughly around 0.9-1.0 eV below E F . The exact position of the band bottom is difficult to determine due to the very low spectral intensity at its bottom. Nevertheless, it is clear that the conduction-band bottom moves downward with Na concentration similar to the trend seen for the valence band ͓Fig. 4͑c͔͒. This can be explained by considering the simple rigid-band shift. Since the determination of the exact position of band bottom has much more ambiguity, it is difficult to determine quantitatively the shift of the band bottom from x = 0.58 to 0.8. Previous reports 14,38-40 along with Hollinger et al. 12 demonstrated that the bandwidth of occupied conduction states appears to be almost independent of Na concentration, which is not supported by our results. Since the DOS at band bottom is very low and the background is high, hence it was impossible to get the exact bandwidth of occupied states from previous angle-integrated measurements. Our results of band dispersion in insulating phase ͓see Fig. 5͑c͔͒ and metallic phase ͓see Figs. 6͑a͒-6͑d͔͒ clearly show that the bandwidth of occupied states increases gradually as Na concentration increases. This behavior can be well understood by the rigidband model. The HR-ARPES intensity map shows an electronlike pocket at ⌫͑X͒, whose linear dispersion at E F agrees satisfactorily with the band calculation. We find a clear variation in the spectral intensity at E F , which suggests that the band crosses E F at the highest intensity ͑k F ͒ region. No signature of impurity band ͑level͒ near E F is seen in Figs. 6͑a͒-6͑d͒, which rules out the development of a Na-induced impurity band ͑level͒. Hollinger et al. 12 concluded that the MIT associated in Na x WO 3 is mainly due to the Anderson localization ͑disorder driven͒ and claimed that the evolution of impurity band seems to be filled up for very low Na concentration. Our results for very low concentration of Na ͑x = 0.025͒ show a well-defined band dispersion which agrees well with the W 5dt 2g band calculation. We do not observe any extra levels or bands in our experiments to support their claim. In fact, due to the localization of states, other phenomena such as polaron formation and Anderson localization at E F occur in this sodium tungsten bronze, which we have already discussed. Hence, we conclude that the previous speculation regarding MIT being due to the development of Na-induced impurity band ͑level͒ is not supported by our results.
In the rigid-band model with a spherical Fermi surface and rigid parabolic DOS, the density of states N͑E͒ is proportional to E 1/2 . It is assumed that all sodium atoms are ionized in Na x WO 3 ; hence, N͑E F ͒, the density of states at E F , is proportional to x 1/3 . However, the physical properties including the magnetic susceptibility and the specific-heat coefficient 41 ␥ were found to vary linearly with x. We extrapolated the band dispersion from the highest intensity points of the band mapping ͓shown as open circles in Figs. 6͑a͒-6͑d͔͒ and find that the conduction bandwidth expands with increasing x; the experimental band dispersion is not free electron-like parabolic as proposed before. The ab initio band-structure results also show linear band dispersion as observed experimentally. The expansion of conduction band can be well explained by the linear increase in the density of states of the conduction band with increasing x in Na x WO 3 . This explanation fits well with the x-dependent behavior of the specific heat and the magnetic susceptibility, which vary linearly with x for highly metallic Na x WO 3 . The heatcapacity data 41 show that the effective mass ͑m * ͒ of conduction electrons increases monotonically with x. We determined the effective mass from the Fermi velocity v F at E F , as shown in Fig. 6͑e͒ , for x = 0.8 and found a similar monotonic increase in the effective mass ͓Fig. 6͑f͔͒ of the conduction electrons for all x. The band mass is less than the freeelectron mass m 0 and agrees quantitatively with the mass found from other experiments.
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C. Fermi-surface topology
Insulating regime
In Fig. 7͑a͒ , we show the HR-ARPES-intensity plot at E F as a function of two-dimensional ͑2D͒ wave vector. The intensity is obtained by integrating the spectral weight within 80 meV with respect to E F and symmetrized on assuming the cubic symmetry. The conduction band arising from the W 5dt 2g orbital disperses upward ͑Fig. 5͒ but never crosses E F . Recently, a new concept 43 has been introduced for the analysis of photoemission spectra-the remnant Fermi surface, which can be measured even in insulating systems, where conventional FS does not exist. Remnant FS is the locus of points in k space, where the photoemission intensity associated with the near-E F peak reduced drastically due to the presence of disorder or electron correlations. For an ordinary metal, these points would correspond to the conventional FS. Our finding reveals a remnant FS in Na x WO 3 for x = 0.025 even though it shows insulating behavior and arises due to the gap opening at the E F . Similar remnant FS is observed in other insulator, Ca 2 CuO 2 Cl 2 . 43 From the highquality data near E F , we establish that the remnant FS observed at the ⌫͑X͒ point in the insulating phase has a shape similar to the real FS in metallic sodium tungsten bronzes which one expect in the absence of any disorder in metallic phase and matches well to the band calculation. We find similar remnant FS at X͑M͒ and M͑R͒ and we infer that this is due to the surface reconstruction. We carried out the lowenergy electron diffraction ͑LEED͒ for the ͑001͒ cleaved surface with primary energy of 54 eV at 130 K and the result is shown in Fig. 7͑b͒ . In the LEED pattern, we see the 1 ϫ 1 bulk and the 2 ϫ 2 surface superlattice spots. The 2 ϫ 2 superlattice spots regenerate the X͑M͒ and M͑R͒ points as a new ⌫͑X͒ point in HR-ARPES. Hence the surface reconstruction is confirmed from our LEED measurement. Now we discuss in more detail the surface reconstruction, which may create 2D electronic states on the first few layers different from the bulk states. Such surface-reconstruction-derived bands were found in the HR-ARPES spectra of Sr 2 RuO 4 . 44 The rotation and deformation of the WO 6 octahedra in Na x WO 3 for x = 0.025 give rise to the orthorhombic crystal structure. In the bulk, the rotation is small and we think that the rotation of the WO 6 octahedra increases at surface due to the reduced atomic coordination, which is responsible for the surface reconstruction in Na x WO 3 for x = 0.025 as similarly observed in Sr 2 RuO 4 . 44 
Metallic regime
In Fig. 7͑c͒ , we show the LEED measurement of metallic Na x WO 3 for x = 0.8 with primary energy of 106 eV at 14 K. The LEED pattern shows only 1 ϫ 1 bulk spots without any signature of superlattice spots. This removes the possibility of surface reconstruction in metallic system as compared to its insulating counterpart. The HR-ARPES-intensity plots at E F for Na x WO 3 ͑x = 0.58, 0.7, and 0.8͒ as a function of the 2D wave vector are shown in Figs. 7͑d͒-7͑f͒ . The intensity is obtained by integrating the spectral weight within 20 meV with respect to E F . We calculated the Fermi surface͑s͒ ͑on ⌫XMX and XMRM planes͒ for fractional Na concentration in Na x WO 3 ͑x = 0.58, 0.7, and 0.8͒ assuming the rigid-band shifts, which are shown by dotted lines. We observe one spherical electronlike Fermi surface centered at the ⌫͑X͒ point, which is covered with another squarelike Fermi surface. Along the ⌫͑X͒-X͑M͒ direction, we find only one k F point, while along the ⌫͑X͒-M͑R͒ direction there are two distinct k F points. These two Fermi surfaces are attributed to the W 5dt 2g photons. From the energy distributive bands. On increasing the Na concentration, the Na 3s electrons are transferred to the W 5dt 2g band at E F . Hence, the volume of the Fermi surface gradually increases in accordance with the increase of the Na concentration. The squarelike Fermi surface centered at the M point is not visible in Na x WO 3 for x = 0.58 and 0.7 but is prominent in x = 0.8. This Fermi surface arises from one single band, whereas the Fermi surface͑s͒ observed at ⌫͑X͒ point are from three bands ͑two from ⌫XMX and one from the XMRM planes͒ and hence the intensity is much more enhanced around the ⌫͑X͒ point in the HR-ARPES experiment. The volume of calculated Fermi surface and experimental Fermi surface matches well for all highly metallic compositions studied here. A rigid shift of the Fermi energy is found to give a qualitatively good description of the FS.
V. CONCLUSION
We have carried out high-resolution angle-resolved photoemission spectroscopy on Na x WO 3 for x = 0.025, 0.3, 0.58, 0.65, 0.7, and 0.8. The experimentally determined valenceband structure has been compared with the results of ab initio band-structure calculation. It is found that in insulating Na x WO 3 , the near-E F states are localized ͑Anderson localization͒ due to the strong disorder caused by the random distribution of Na + ions in the WO 3 lattice. While the presence of an impurity band ͑level͒ induced by Na doping is often invoked to explain the insulating state found at low concentrations, there is no signature of impurity band ͑level͒ found in our results to support this idea. Due to this disorder and Anderson localization effect, there is a long-range Coulomb interaction of conduction electrons; as a result, the system is insulating. We found a direct evidence of polaron formation from the temperature dependence of the photoemission spectra. In the metallic regime, we found that the rigid shift of band structure can well explain the metallic Na x WO 3 band structure with respect to Na doping. The linear dispersion of the conduction band at E F explains the linear variation of thermodynamic properties including the specific heat and magnetic susceptibility. We observed electronlike Fermi surface at the ⌫͑X͒ point as predicted from band calculation, and the Fermi surface gradually increases with increasing Na concentration due to W 5dt 2g band filling in highly metallic systems. A rigid shift of the Fermi energy is found to give a qualitatively good description of the Fermi surface.
